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COMPUTATIONAL FLUID DYNAMICS AND AEROTHERMODYNAMICS

(Development of Nonequilibrium Models Applicable to AOTV/AFE and
Superorbital Flight Regimes)

I. Introduction

This report covers the period from July 1, 1937 thru December 31, 1987. It
will briefly describe the current status of the project and the research effort
during the last six months. Since most of these activities have been summarized
in two extended abstracts of papers to be presented at the AIAA Thermophysics
Meeting in June 1988, these abstracts are included as appendices.

II. Status and Personnel

Due to the delayed start on the project, the present effort has been officially
extended until 2 June 198€. Currently, the project is essentially on schedule and
moest of the work should be completed prior to the end of May 198&. However, to
allow proper preparation of final reports, attendance at the AIAA Thermophyics
Meeting, etc. an additional extension until the end of August 1988 will be
requested.

At the present time, the staff associated with the project are Leland A.
Carlson, Principal Investigator, and Glenn Bobskill, Robert Greendyke, and
Thomas Gally, Graduate Research Assistants., The research work associated with
this project will form the basis of the Masters theses of Mr. Bobskill and Mr.
GreerdyKke, both of whom should finish in May 1988. Mr. Gally is currently
working on his doctoral degree and his present research efforts have been split
between this project and one involving transonic wing design and analysis.

II1. Research Progress

As indicated in the last progress report, the project is organized into two
efforts., The first involves the development of an approximate stagnation point
eolution, while the second is directed towards the study of nonequilibrium models
for vibration-dissociation chemical reaction coupling and electron temperature
and radiation approximations. Most of the efforts of the last six months in these
two areas has been conveniently summarized in two extended abstracts submitted
to the 1925 AIAA Thermophysics Meeting. Consequently, these two abstracts are
included as appendices to this report. For your information, both papers have
been accepted for presentation at the meeting.

In addition to the work reported in Appendix II concerning nonequilibrium
- model studies, a considerable amount of additional progress has occurred. For
example, as shown on Table I, a second chemical reaction model has been
developed which includes {0 species and 11 reactions instead of the seven species
six reactions discussed in the appendix. This new model is still very simple and
vet should permit some reasonable comparisons of the effects of including or
excluding various species in the computation of AOTV/AFE flowfields.
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In addition, as shown on Table II, the current inviscid nonequilibrium blunt
body computer code has five different vibrational-chemistry coupling models and
for use in radiative heat transfer ralculations four absorption coefficient models.
In addition, approximate nonequilibrium correction factors have been developed
for these radiation madels. Obviously, with these choices a wide variety of model
combinations can be studied and the effects of using various models can be
determined.

1t should be noted that the noneguilibrium radiation correction factors are
based upon assumptions concerning the nature of the excited electron states of
the atoms and the molecules and attempt to include the effects of the possible
nonexistence of local thermodynamic equilibrium between the electronic states
during the nonequilibrium chemistry relaxation process.

Some preliminary radiative heat transfer results for a point on the AFE
approximately nine centimeters above the stagnation point are shown on Table
III. The {flight conditions for this case were 10 Km/sec at 80 Km.; and the results
shown on the table do not include any nonequilibrium radiation correction factors.
Thus, they essentially assume that LTE exists between excited states; and the
results should be viewed as the maximum possible radiative heat transfer (within
the limitations of each model). It should be noted that the 5-Step and 2-Step
models are essentially based upon atomic nitrogen only while the radiance and
8-8tep models include atomic nitrogen and oxygen and also molecular
contributions. While these results indicate significant contributions from the
VUV, it might be possible that the cool layer near the wall (not included in the
present inviscid model) will absorb a considerahble portion of the UV and VUV
radiation.

In addition, it should be noted that preliminary results including the
nonequilibrium radiation correction factors predict significantly lower values on
the order ot one to 10 watts/sq. cm. While these results are very preliminary, it
does appear that noneguilibrium effects on the radiative transfer are extremely
important for this flight condition.

Further, some very interesting preliminary results have been obtained using
two different reaction rates for the electron nitrogen impact ionization reaction.
The first rate is based upon experimental results of Wilson (Ref. 1); while the
second, which is two orders of magnitude faster, is the one recommended by Kang
and Dung. When applied to the AFE shape at 10 Km/sec and at 30 Kilometers, the
use of the second rate constant significantly increases the amount of ionized
nitrogen and decreases the amount of atomic nitrogen in the shock layer. Also,
the results with the second rate indicate significantly more molecular nitrogen
than those obtained using the first rate. Apparently, during the middle and late
stages of relaxation, the dissociation of nitrogen is strongly affected by the
decrease in atomic nitrogen. (During early stages nitrogen dissociation is
primarily affected by shuffle reactions involving O and NO.) The effect of these
differences on radiative heat transfer is currently being investigated and will be
reported upon at a later date.



IV. Future Efforts

During the rmext reporting period, work will continue on investigating the
usage of various models in computing AFE/AOTYV flowfields. Particular attention
will be devoted to obtaining results for AFE trajectory points typical of entry
and the max-G. paint.

V. References

{. Wilson, J. "lonization Rate of Air behind High-Speed Shock Waves," Physics of
Fluids, Vol. 9, No. 10, October 1566, pp. 1943-4921.
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The NASA Technical Monitor for this project is Dr. Carl Scott, Mail Code ED3,
NASA Johnson Space Center, Houston, Texas, 77053.




Current Reaction Models

A. 7 Species é reactions

02 + M £=> 20 + M N2, 02,
N, O
N2 + M {=> 2N + NO
NO+ , e

™
N2 + 0 <=> NO + N
N + 02 <=> NO + O

NO + M {=> N + 0O + M

N + 0O <=> NO+ + e

Extend to 10 species, 11 reactions

B-
N + N <=> N2Z+ + e N2+
N+ O+
N + N {=> N+ + e + N ¥
N + N+ <{=> 2Z2N+ + e *
N + e <=> N+ + e E
0O+ M <=> 0+ + e + M
* —— These should involve excited state

effecte.

Goal: Keep as simple as possible.

TABLE 1



Vibration—-Chemistry Coupling Models
1. Vibrational Equilibrium
2. CcVD
3. CcVDvV
9. CVDY Preferential

S. Park—LikKe Model

Radiation Modelse
1. Radiance <(Cornell>
2. Two-Step Air {(Anderson?

3. Five—-Step Nitrogen <(Knott, Carlson, and
Nerem?

4. Eight—-Step Air {(Olstad>
Used in tangent slab approximation with local

concentrations and Te and with and without
nonequilibrium correction factors.

TABLE II




RADIATIVE HEAT TRANSFER
Approx. ¢ cm above Stagnation Point
{No Corrections)

cVDw Park-Like CcuDv

(7S&R) {7S4&R) {10S11RD
Radiance Model
N<C(2000-5000> 217 z2 1855
N{(300-2000> 40446 497 3221
0<2000-5000> 170 3 124
0<{500~-2000> 1488 320 1199
plus 8 others
Total S221 1021 4700
S5 Step Model
4$20-1100 129 9 39
1100-1300 171 3 - 128
1300-1570 3107 121 ' 2407
1570-7870 240 1 145
7870~-9557 244 é 182
Total 3892 141 2922
8 Step Model
400-852 49 0 iS5
852-211 451 8 349
¢11-1020 155& i8 1149
1020-1130 526 S 382
1130-1801 2809 43 2094
1801-4000 1578 795 1336
4000- 238 é1 7277
Total 7904 210 é6121
2 Step Model
0-1100 2805 95 2174
1100- 293 0 215
Total 3101 95 2388

TABLE' TII



APPENDIX 1

Approximations for Hypervelocity Nonequilibrium Radiating, Reacting, and
Conducting Stagnation Regions
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APPROXIMATIONS FOR HYPERVELOCITY NONEQUILIBRIUM RADIATING, REACTING, AND
CONDUCTING STAGNATION REGIONS

Leland A. Carleon%
Texas A&M University
College Station, Texas 77843-3141
(4091845-142¢6

{Submitted for Presentation at the AlAA Thermophysice, Plasmadynamics,
and Lasers Conference, June 27-2%, 1988, San Antonio, Texas)

EXTENDED ABSTRACT

Introduction

In the future aero-assisted orbital transfer vehicles (AO0TVs) will
be used to operate, supply, maintain, and man satellites and space
stations and to return from lunar and Mars missions. Those vehicles
descending from geosynchronous to high or low earth orbit will operate
in the entry and aero-assisted mode at velocities ranging from 7 to 11
km/sec at altitudes of 70 to 100 km., with a nominal entry velocity of
10 Km/sec and peak dynamic pressure occuring at 7?5 km. Likewice, AOTVs
returning from the Moon or Mars will enter at higher nominal velocities,
11 Km/sec for lunar return and 13.5 to 16 km/sec for Martian return;
and, thus, they will have a wider operating range from 7 to 18 km/sec at
40 to 100 Km.

Obviously, in order to efficiently design and operate such vehicles
not only must the important factors affecting the vehicle flowfields be
understood but &also methods for rapidly predicting them must be
available. While the corner and afterbody flows for such vehicles are
complicated and highly rotational and viscous, the forebody +flow
structure thru much of the entry flight profile is dominated by
nonequilibrium chemistry and radiation; and these phenomena will
significantly affect the heat transfer to and perhaps the aerodynamics
of the vehicle,

In many cases, detailed three dimensional nonequilibrium viscous
computations of AOTYV flowfields will be required in order to obtain
complete understanding of various phenomena or to finalize a design.
Such detailed computations, typically using the Navier-Stokes equations
(Ref. 1), are extremely 1lengthy often requiring many hours of
supercomputer time; and, thus, they are not suitable for quick studies,
the determination of design trends, parametric studies, etc. In
addition, while some of these methods include nonequilibrium chemistry,
few include the effects of such nonequilibrium phenomena as vibration
dissociation coupling and electron thermal nonequilibrium; and because

*¥ Professor of Aerospace Engineering, Associate Fellow AlAA.



of their 1lengthy computational times, these detailed methods are
unweildy for evaluating or developing models and approximations
representing these nonequilibrium phenomena. Further, only a few have
attempted to include radiative heat transfer; and these have either used
very detailed nonequilibrium radiation models under conditions without
significant radiation gasdynamic coupling (Ref. 2) or they have, perhaps
inappropriately, wutilized equilibrium radiation modele under
nonequilibrium conditions (Ref, 3-4), assuming that the usage of local
concentrations and temperatures is sufficient to handle nonequilibrium
radiation.

This paper will discuss one portion of an effort to evaluate and
develop models and approximations for nonequilibrium chemical and
radiating flows associated with A0OTVs returning from orbital, lunar, and
Martian missions and will be applicable to entry velocities ranging from
10.5 km/sec to 18 Km/sec. (Reference 3 will present results associated
with the 7 - 10 km/sec regime.) The objectives of this paper are to
investigate various approximations that can be used in analyzing
radiating, reacting, and conducting shock layers, and to develop a rapid
stagnation point solution technique that is suitable for parametric
studies, and, perhaps, for evaluating and testing various nonequilibrium
radiation models. It should be noted that the approximations discussed
in this paper need not always be applied simultaneously. Also the
resultant techniques are applied to the stagnation zone only as an
initial effort. Many of them can, in principle, be extended to
multi-dimensional and entry vehicle flowfields,

Approximate Solution

The primary equations governing the radiating reacting flow behind
a hypervelocity shock wave are the global energy equation,

/ou.% +dd§([‘Z: (‘)‘i#,‘:)_] ’“CT{[?“;,A‘U%']"E‘/«.&‘—“;){ ="_fvf1-4:°(1>

r-1

and the equation of radiative transfer., Normally these equations must
be solved in conjunction with the conservation equations for species
mass, momentum, and electron energy, etc.,and because the radiative
transfer depends upon the flowfield solution, either the problem must be
solved as a "time dependent" type of problem or iteration on the entire
flowfield mustr be performed. With the introduction of chemical
nonequilibirum, many flowfield points should be calculated in the
immediate postshock region and near the wall in order to represent the
large temperature and species concentration gradients which exist in
those regions; and this requirment coupled with the complication of
including radiative transfer usually results in long computational
times,




Based upon previous detailed solutione (Ref, 2,4, 6-9), several
distinctive features for radiating reacting hypervelocity stagnation
region shock layers in the 11-18 Km/sec range can be determined; and
these are schematically reprecsented on the sketch below.

Il Conducting I Conducting (A
N IN
Il Chemically Relaxing I Chemical Equilibrium N
1l (lonization) N
(N I N
Il v very small u very small N
Il p approx. constant ! p approx. constant N
Il Te approx. constant IN
11 | Radiative Losses From IN
Il Radiative Transfer Optically Thin Part of IN
It Dominated by | the Spectrum N
1l Spectral Regions . IN
Il Having Large ] IN
1l Absorption Coefficients Te = TH IN
H | IN
Il Te # TH N
Bow Shock Wave End of Nonequilbrium Wall
Zone

Typically the shock layer is composed of a chemical relaxation
zone immediately behind the shock front that is dominated by +irst
ionization since at the welocities being considered dissociation is
complete in the shock front (Ref. 4 and 10), While in this region the
electron temperature is not equal to the heavy particle temperature, it
is relatively constant., Also, most of the radiative losses occur from
the ultra-violet, which is characterized by large absorption
coefficients; and the large temperature gradients should make thermal
conduction important. Downstream the flow should be in chemical and
thermal equilibrium, and radiative energy losses should be associated
with optically thin/transparent portion of the spectrum characterized by
small absorption coefficients,

Due to the origin of the radiative losses, the radiative transfer
can be represented by a thick-thin approximation similar to that
formalized by Olstad (Ref. 11). This approach includes, at a peoint,
only that part of the spectrum contributing significantly to radiative
cooling. Thus, for the nonequilibrium relaxation region, the solution
depends uon the radiative transfer from only those regions having large
absorption coefficients., This zone will subsequently be referred to as
the thick region and it will be characterized by the corresponding
optical thickness coordinate, t}- . LiKewice, the downstream
equilibrium region will only include *transparent® radiation losses,
will be called the thin reqion, and will be characterized by the optical
thickness 7, . With this approach, sclutions for each region can be
cbtained separately. This approach has been wused in the past {or
equilibrium (Ref. 11) shock layers, and for frozen and reacting flow



behind normal shock waves (Ref, 12-13); and a related layering approach
has been used for non-conducting nonequilibrium flows (Ref. 8).

(For the purposes of the abstract, many details will be omitted
in the following discussion. The final paper will contain a complete
discussion and, where appropriate, the necessary justifications.) Based
upon the above discussion and sKetch, several simplifying approximations
can be made. Specifically, assuming dissociation complete in the shock
front, ambipolar diffusion, constant post shock pressure, and that in
the nonequilibrium zone that the electron temperature is constant, the
energr equation can be uncoupled from the momentum equation and the
electron energy equation., Next, the equation can be "“uncoupled" from
the continuity equation by using the transformation of Goulard (Ref. 14)

o{ﬁ=/""/"J)7 pa=-n ()

which has been shown to be approximately true even in the viscous
radiating case (KRef. 13),

Then, if the equation is transformed to an optical depth coordinate
system via

KL
d ;- — (3)
under the assumptions of constant Prandtl number and that p tﬁ* =1

it is even {further simplified. However, it still contains thermal
conduction, radiative transfer, chemical and thermal nonequilibrium, and
a variable absorption coefficient. In the spirit of the thick-thin
approximation, the Jlatter in the thick chemically reacting zone
immediately behind the shock front can be approximated ac

-1
Kr= Kr p I (4)

where Kr. is the absorption coefficient of the thick nonequilibirum
zone evaluated immediately behind the shock front using the electron
temperature and assuming dissociation complete in the front. This
approximation corresponds to assuming a constant absorption cross
section for the region, and yet it retains via the density dependence
the dependence of K.upon the flow properties.

Next, since it is assumed that the radiative transfer in the thick
zone is dominated by spectral regions having large absorption
coefficients, these regions can be represented as a gray gas step

"J‘Dki - =47k S, ~ I K; /o Se E,(t,-2:)de (5)
d x

This expression can be approximated in the thick region by replacing
Ei{x) with the exponential approximation 2exp{-2x) and by representing
the regional source function, Sy , as a constant, SG y at the post



shock value since the electron temperature is assumed constant in the
thick region. Thus, for the thick region

—dag -2
i3] tr
< -2nks S e (6
ax T

The energy equation for the nonequilibrium zone can be further
approximated and "uncoupled" from the chemistry by assuming that the
degree of ionization, & , can be represented as

/%—//;: & ‘666 (I _C—Bfr)

where 649 is the downstream equilikbrium condition and B is determined
by correlation with experimental relaxation data (Ref. 10). This form
is based upon previous detailed results (Ref. 4, 6-9) and should vyield
phenomenologically correct profiles. The important point is that it
uncouples the species production and energy equations and permits a
solution of the latter.

(7

Thus, for the nonequilibrium thick region immediately behind the
shock front the approximate energy equation is

A P [~ tr ~/:f' e-ztr - Tr - & _32"7
ao h (T e T [ (- F) em g e]e
(8)

where ﬁ:k,\-‘_[_ /';_-' 2”‘5 C-= [:-" A-: )695 ‘B
/u‘-‘.«b.r
D“‘ee‘xgz Re= ,___/‘“"{f F=/- 4
L A

and all flow quantities have been nondimencionalized by appropriate post
shock values immediately behind the front and the reference length L is
the inviscid radiationless shock detachment distance if h is constant
throught the layer at the immediate completely dissociated but
nonequilibrium post shock value. The appropriate boundary conditions
for Eq. (8) are

A G0 L =1+ B L' -4
er " op 48 &

and
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Note that the <shock boundary condtion not only includes conduction
effects (Ref. 16-17) but alsoc indirectly includes radiative and chemical
effects since it depends upon the form of the solution. Likewise, the
downetream boundary condition corresponds to complete equilibrium
accounting for energy losses due to radiation.

For the equilibrium or thin region between the wall and the end of
the nonequilibrium zone, the absorption coefficient can be approximated

K, = Ke, (/—U/—:-)I/L (11)

where the subscript 0 denotes conditions at the start of the thin
region. Also in this region the radiative transfer can be approximated

as ' _ 3
Cg.zl(f - (7€)lll/'£‘) (12)

°

where Eto is the radiative emission loss at the beginning of the thin
zone.

Now for the equilibrium zone, it is approximately true for the
conditions considered in this paper that the degree of ionization, & '
can be represented as a function of nondimensional enthalpy in a series
of linear segments, For this initial investigation since first
ionization processes dominate the chemistry over most of the equilibrium
zone, this relationship can be approximated as

c=ah rh (13

and a and b can be selected to closely approximate air thermodynamic
data. As a consequence the approximate differential equation for the
thin equilibrium region is

. n (LI - m,
’:/ 22%// ][/fa- T ] &7’:’[/, (14)

T3
Ty
/rtoL h')

where the appropriate boundary conditions are upstream E, and at the
wall, T=Twall.




Eqs. (8) and (14) can be written in finite difference form to form
sete of tridiagonal equations. The thin equation, Eq. (14), however, is
nonlinear due to the radiation term and must be solved using a
Newton-Raphson iterative technique. After solution, the physical
coordinates corresponding to the optical depth scales used in the
equations can be obtained from integration of the transformations.

Once the flowfield solution has been obtained, it can be used to
compute radiative and covective heat trancsfer to the wall. For the
radiation, it is convenient to represent the spectrum by a series of
gray gas steps, i.e.

?fe (v) z,rZ/[m(z:--e;)] SA)E (1720 )dac s

In the present case, the five step spectral absorption cross section
model of Reference 18 has been used and the E2 {function has been
approximated. However, since this gray gas step model was developed
assuming the gas to be in chemical equilibrium, it must be modified
before it can be applied to the nonequilibrium part of the stagnation
layer. As will be shown in the complete paper, where K;represent the
absorption coefficient, Nj4 is the atom number density, 6; is the cross
section, B;is the Planck function for the step, and € is the degree of
ionization, the corrections are as follows:

Region 1: 420-110 A, Since most of the processes considered in this
step are contiuum involving the ground state,

K'= ”ﬁ C'
2
€ 1- €q
= — 2 8,
1-& 517’-

Region 2: 1100-1300. This region is not presently included but will be
for the final paper.

Region 3: 1300-1570 A. Since this region accounts for VWV lines and the
Tower state is not the ground state

l -
K = _e__ / fc’ Nﬂ 6‘2
3 i-e €3
1

Region 4: 1570-7870 A. This region includes continuum free-free and
free~bound excited states. Thus

( = &L LZ€a N, G
y /- e &%
1
7



Region 5: 7870- 9352 A. This region accounts for infrared line
radiation. Thus

= S I-E€
]
55' = 5;,
In thece expressions, €e represents the degree of ionization which
would exist if the flow wére in equilibrium at the local pressure and
electron temperature. Notice that all of these corrections
significantly reduce the source terms or the absorption coefficients in
regions of nonequilibrium, 0f course, any appropriate grey gas step

model could be used, Other examples are given in References 19 and 20.

The above stagnation point formulation hae been programmed in BASIC
and solved for a variety of cases using an Apple 11+ computer. Typical
solution times using 100 points in the nonequilibrium thick region and
100 points in the thin equilibrium zone are:

Flowfield Solution and Plots: 40 seconds
Calculation of Radiative Heat

Transfer by 5 step model: 70 seconds
Write Output and Plot to Disk: 40 seconds.

In the final paper, details concerning the selection of input
parameters etc. will be presented.

Results (Preliminary)

In this section, a series of initial results will be presented an
discussed, These results will be amplified considerably in the final
paper.

The present approximate method has been applied to a series of
cases for a freestream velocity of 16 km/sec. These cases were selected
to be approximately representative of a small to midsize Martian return
AOTV or other hypervelocity entry vehicle having a nose radius around
200 cm. and a wall temperature of 1445 deg K; and results have been
obtained for altitudes from 35 km to 80 Km., in 5 Km increments. Figure
1 shows temperature and degree of ionization profiles {or three
different altitudes. On these figurecs, the solid curves are the thick
{nonequilibrium) zone and the dotted portions are the thin {equilibrium)
region. As can be seen on Figure i{a), at the lower altitudes, the
ctagnation region is primarily in chemical equilibrium. However, the
region is not isothermal and considerable radiative cooling is present



as indicated by the decrease in temperature and &€ . (The enthalpy is
proportional to T{(l1+e ), So the enthalpy decrease due to radiative
cooling in this case is quite significant.) Note that the plotted
temperature immediately behind the shock front ic the temperature after
dissociation and includes thermal conduction effects due to the boundary
condition. For thics particular solution, considerable sensitivity of
the thick solution to step size was encountered and for the results
cshown 100 pointe were uced in the thick zone, Thics type of cencitivity
might be very important in Navier-Stokes codes which often use shock
capturing and relatively coarse grids.

Figures 1(b> and {c) show similar results at 70 and 80 Kkm
recpectively, As would be expected, ac altitude increases the post
shock nonequilibrium zone and the wall thermal layer increase in size
and the radiation cooling decreases. By 80 km. the entire stagnation
layer is dominated by nonequilibrium and/or wall conduction effects.

One of the possible applications of the precent approximate method
is to determine the effects of various parameters on stagnation point
radiative heat trancfer., Figure 2 shows the variation of radiative heat
transfer with altitude for the precent series of cases. (Units on @R are
watts/square centimeter.)

Now comparison of various step models (Ref. 18-20) indicate that
they are in reasonable agreement when applied to conditions similar to
those for which they were initially developed. Typically, these are
pressures of 10-20 atmospheres and path lengths of 3 cm or less.
Unfortunately, when they are applied to conditions such as the present
70 km case of subatmosheric pressure and a standoff distance of 11.4 cm,
these step models give widely different answere, particularly for the
vacuum ultra-violet continuum and VUV lines. This difference is in
spite of the fact that all of them were developed using similar
procedures and were designed to yield results (i.e. radiation cross
sections) independent of pressure. Apparently the differences in f
numbers, band widths, and number of bands in these models becomes
significant at the high altitude hypervelocity conditions being
considered. In this respect, the more recently obtained { numbers
referred to in Ref. 21 could perhaps be used with the detailed radiation
code of Ref. 22 to obtain better step models, particularly in the
ultra-violet portion of the spectrum.

As a consequence of these possible discrepencies, the radiative
heat transfer from the visible and infrared portions of the spectrum has
been plotted separately on Figure 2, (The difference is essentially the
W contribution.) As can be seen, as the vehicle descends the predicted
visible plus IR heat transfer changes by about four orders of magnitude
while the percentage of the total radiative heat load due to the W
decreaces,

In order to approximately obtain an indication of the effect of
the wall thermal boundary layer on the radiative heat transfer, results



were obtained for the 70 Km case assuming a wall temperature of 13000
deg. K. Comparicson of thic nearly isothermal result with the 1445 deg K
wall temperature is important because several investigators have assumed
that the “cool® wall thermal layer would absorb a significant amount of
the radiation and shield the wall, The present results are as follows:

Fegion 341445)./70¢13000)
YUV Continuum 0.001
UV Lines 0.919
Visible 0.948
IR Lines 0.9351

Thece data indicate that the VWV continuum radiation is indeed absorbed
in the outer portion of the boundary tayer and that, as expected, the
vicible and IR line contributiones are essentially unaffected,

Conclusions about the VUV lines, however, are not obvious, Since
the present approximate solution does not yet include molecules, it can
only be stated that the present radiation model indicates that nitrogen
atoms will not attenuate the VW line radiation in the wall thermal
boundary layer. The effect of molecular species on VW line radiation
needs to be determined since, as shown on Figure 2, the source of heat
transfer could be very significant. With respect to the VW, it should
be noted that the measurements of Wood et al <(Ref. 23> and recent
computations for the Fire 2 vehicle by Bird (Ref. 24) and Sutton (Ref.
25) indicate significant stagnation point heating from the ultra-viclet.

Since the magnitude of various radiative properites are uncertain,
some parametric studies have been conducted at the nominal condition of
16 km/sec at 70 Km. As shown, a decrease in the radiation cross section
for VWM Tines reduced the total heating by ?714. On the other, hand
doubling of the visible band radiative cross section only increased the
heating in the visible and IR by 17.6 percent while an order of
magnitude change caused a 110¥ «change in the wvisible and IR

contribution, However, since increased visible emission increases
radiative cooling, the total heating for these cases was actually
reduced by 3.64 and 22,24 respectively. Guite obviously, accurate

radiative cross sections and models will have to be developed before
total radiative heat transfer predictions can be accurately made for
these conditions,

Finally, with respect to Figure 2, it should be noted that for the
conditions shown predictions for convective heat transfer by the present
approximate model are -- 55 Km, 587 watts/sq cm, log value 2.76; 70 Km,
226 watts/sq cm, log value 2.35, and 80 km, 98 watts/sq cm (log value
1.99). These chould be viewed at best as noncatalytic wall ecstimates.
In any event, they indicate that for these conditions radiative heat
transfer is probably the dominant mechanism.

Results showing the effect of shock detachment distance or vehicle
nose radius on flowfield profiles and heat transfer are shown on Figures

10



3 and 4, (For the paper, Figure 3(a-c) will be combined on one piot.)
As expected, as nose radius decreases a higher percentage of the shock
layer is affected by nonequilibrium and thermal boundary laver phenomena
which should be accompanied by a decrease in radiative heat transfer and
an increase in convective heating., Figure 4{(a) chowe that the predicted
total radiative heating decreases by over é0% as the detachment distance
ie decreased by a factor of 4. Notice that the rate of decrease is
nonlinear due to primarily self absorption effects in the ultra-violet,
THe wvariation in the heating from the visible and IR parte of the
spectrum is, however, almost linear indicating that these regions are
for these conditions essentially optically thin. Finally, the predicted
convective heating increased from 226 watts/sq cm for § =11.42 cm to 331
watts/eq cm at 5.75 cm to 477 watts/sq om at & = 2.92 cm, thus
following the expected square root dependence on nose radius.

Unfortunately, very little experimental data existe for conditions
applicable to the present model. However, data is available for the
Fire 2 {flight experiment. As a result the precent model has been
applied to the Fire 2 trajectory for the period from 1632 seconds after
launch ¢(11.36 Km/sec at 74.42 Km) until 1642 seconds (10.71 Km/sec at
99.48 Kkm); and the results are compared with the viscous shock layer
computations of Gupta (Ref. 3), which agree very well with the flight
data, for the radiative heat transfer in the visible and infrared
regions. As can be seen, the agreement between the two sete of results
is surprisingly good, It should also be noted that the present results
are in reasonable agreement with the Fire2 DSMC computations of Bird
(Ref. 24) not only in the visible and IR regime but also in the
vitra-violet and for convective heat transfer.

In the final paper, additional parametric results covering a
velocity range of 12 Kkm/csec to 18 Km/sec will be precented.

Summary

Approximations applicable to radiating, reacting, and conducting
stagnation region of a hypervelocity vehicle have been incorporated into
a method for rapidly obtaining approximate solutions. This solution
utilizes a coordinate system based upon the origin of the radiative
losses and includes in a phenomenologically correct manner the effects
of chemical and thermal nonequilibrium, and nonequilibrium, nongray
radiative transfer. Results have been presented which demonstrate the
usefullness of the method and indicate which radiation parameters
require further study and definition. Excellent comparisons have been
obtained with published results for the Fire2 data.
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EXTENDED ABSTRACT

Introduction

In the future aero-accisted orbital transfer vehicles (AOTVe)
will be used to operate, supply, maintain, and man satellites and space
stations and to return from lunar and Mars missions., Those vehicles
descending from geosynchronous to high or low earth orbit will operate
in the entry and aero-assisted mode at velocities ranging from 7 to 11
km/sec at altitudes of 70 to 100 Km., with a nominal entry velocity of
10 km/sec and peak dynamic pressure occuring at ?5 km. Likewise, ADTVs
returning from the Moon or Mars will enter at higher nominal velocities,
11 Km/sec for lunar return and 13.5% to 16 Kkm/sec for Martian return;
and, thus, they will have a wider operating range from 7 to 18 km/sec at
40 to 100 km,

Obviously, in order to efficiently design and operate such vehicles
not only must the important factors affecting the vehicle flowfields be
understood but also methods for rapidly predicting them must be
available. While the corner and afterbody flows for such vehicles are
complicated and highly rotational and viscous, the {forebody <+low
structure thru much of the entry +flight profile is dominated by
nonequilibrium chemistry and radiation; and these phenomena may
significantly affect the heat transfer to and perhaps the aerodynamics
of the vehicle.

In many cases, detailed three dimensional nonequilibrium viscous
computations of AOTV flowfields will be required in order to obtain
complete understanding of various phenomenz or to finalize a design.
Such detailed computations, typically using the Navier-Stokes equations
(Ref, 1), are extremely lengthy often requiring many hours of
supercomputer time. In addition, while some of these methods include
nonequilibrium chemistry, few include the effects of such nonequilibrium
phenomena as vibration dissociation coupling and electron thermal
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nonequilibrium; and because of their lengthy computational times, these

detailed methods are unweildy for evaluating or developing models and
approximations representing these nonequilibrium phenomena. Further,
only a few have attempted to include radiative heat transfer (Ref. 27,

Thic paper will discuss one portion of an initial effort to
evaluate and develop modele and approximatione <for nonequilibrium
chemical and radiating flows associated with AOTVs returning from
orbital, lunar, and Martian miscions and will be applicable to entry
velocities ranging nominally from 7 Kkm/sec to 10 Km/sec. (Reference 3
will present results associated with the 10.5 to 18 Km/sec regime.) The
objectives of this initial phace of the effort are to investigate and
compare various vibration dicsociation chemistry coupling models and
radiative heat transfer approximations and determine the similarities,
differences, and consquences of using these modele in the ADTV +{light
regime.

Approach

As indicated above, in order to investigate various vibration
dissociation coupling and radiative heat transfer models efficiently,
the use of a rapid flowfield solver is essential, After considering
various possibilitiee, it was decided to use an inviscid nonequilibrium
chemistry axisymmetric inverse method (Ref. 4) as the basic Euler
equation flow solver., This method has been modified and extended to
include as options various vibration dissociation coupling, shock jump,
radiative heat transfer, and electron temperature models. Since this
method can be easily used on a micro or mini-computer, it s
computationally efficient; and it permite the study of user celected
individual streamlines when the entire flowfield is not needed. In
addition, as shown on Figure 1, this method can adequately model the
forward face of the aero-assisted flight vehicle (AFE) as a &0 degree
axisymmetric blunted cone,

Currently, this method is being used to study and evaluate five
vibration dissociation chemistry «coupling models -- wvibrational
equilibrium, coupled wvibration dissociation (CVD) which includes
vibrational nonequilibrium and its effect on dissociation, coupled
vibration dissociation vibration (CVDV) which additionally accounts for
the effect of dissociation on vibrational energy, CVDV Preferential
which assigns a higher probability of dicssociation to higher vibrational
energy levels, and a Chul Park like model. The latter is similar to
CVDV but uses a modified collisional term and a different form for the
vibrational relaxation time correlation. These models are discussed in
detail in References 2 and 5,

The inverse method is also being used to evaluate, and if nececssary
develop, wvarious electron temperature models. In this context, the
pharse electron temperature refers to a temperature representing both
the bound electronic temperature and the characteristic temperature of
the free electrons, In the nonequilibrium flow associated with the



front face of an AOTV/AFE vehicle, it is anticipated that over much of
the nonequilibrium portion the electron temperature will be different
and lower than the local heavy particle or translational temperature,

Among those models being considered is one in which the electron
excitation is initially dominated by atom-mclecule colisions after which
the electron temperature i< controlled by vibrational-electronic
coupling (Ref, é3. It ic anticipated that thic specific model should be
most applicable to the lower velocity and temperature regime near the
end of the AOTV entry, although similar models may have a wider range of
applicability. Others being investigated are equating the electron
temperature to the local nitrogen vibrational temperature, under the
assumption of <cstrong vibration-electronic coupling, or letting the
electron temperature be some constant wvalue or the trancslational
temperature, whichever is lower. The latter approximation is based upon
the results of detailed studies for monoatomic gacec (Ref. ?7) and for
nitrogen (Ref. 8) in which the electron temperature was computed using a
separate but highly coupied and detailed energy equation.

In the area of radiation, several different models have been
incorporated into the inverce approach and are being used to compute
under the tangent slab approximation the radiative heat transfer to the
model AFE vehicle in Figure 1. The "simplest® of these is an optically
thin radiance model <(Ref. %) which accounts for thirteen different
phenomena including molecular bands, nitrogen and oxygen free-bound and
bound-bound processes, and various free-free phenomena. In addition,
three different non-gray gas step models, which account for the effects
of self-absorption in the computation of the heat transfer, are being
investigated, (It should be noted that for the 7-10 km/sec AOTV regime
self-absorption effects may be important in the body heat transfer, but
the total radiative losses should be too small to induce any significant
gasdynamic coupling.) Two of these models, a two step (Ref. 10) and a
five step (Ref. 11) model are based on high temperature nitrogen and
should be representative of high temperature air at temperatures above
eight to ten thousand degrees Kelvin. The third model, however, uses
eight steps (Ref. 12), was developed for high temperature air, and
includes both atomic and molecular emission-absorption. Each of these
models can be used with the various different electron temperature
models and initially assumes that nonequilibrium effects can be
approximated by using the local electron temperature and local species
concentrations, This approach is conservative in that its usage should
predict higher radiative heat transfer levels than would actually occur
(Ref. 3). The effect of using correction factors for nonequilibrium
effects on the source functions and absorption coefficients will be
included in the final paper.



Preliminary Results

In this section some preliminary resuite will be presented and
discussed. All of these results were obtained using a 7 species (N2,
02, N, 0, NO, NO+, and €) & reaction chemictry model. Recults for the
final paper will also include N2+, N+, and 0+ and at 1least Ffour
additional reactione,

Figure 2 cshows the body, cshock, and come typical streamlinec in the
stagnation region., Most of the flowfield profiles which follow will be
for the etreamline marked *5=1.5, which crossec the bow shock 1.5 cm
above the centerline; and these preliminary profiles will be plotted
versus X, which is the coordinate along the <shock wave. The
correspondence between X values and locations on the streamline are
noted on Figure 2.

Figures 3(a) and (b) compare temperatures obtained with the CVUDV
vibration dissociation coupling model with those obtained assuming
vibrational equilbrium for conditions near the end of an AUTY entry.
(Here TV represents the N2 vibrational temperature.) While the
translational temperature in the vibrational equilibrium case decreases
faster as expected, it is interesting to note that the electron
temperature is almost identical in both cases. In addition, for the
conditions shown, the electron temperature is considerably different
than the nitrogen vibrational temperature. Thus, for this situation, it
would probably would be inappropriate to compute radiative heat transfer
using the CVDV predicted nitrogen wvibrational temperature as the
electron temperature,

Figure 4 shows T and TU(NZ) profiles for a trajectory condition
near the beginning of the entry, 10 km/sec at 80 Km., again using the
CVDV model. Note that for this case and model that the nitrogen
vibrational temperature peaks at over 20,000 deg. K very close to the
shock front. Also, while not shown, comparison of these results with
those obtained assuming vibrational equilibrium indicate that the
translational temperature profiles +for the +two models are aimost
identical except very close to the shock front.

However, examination of the correcponding concentration profiles,
Figures 5{a) and 5¢(b), show that the molecular nitrogen dissociation is
strongly affected (i.e, slowed down) by wvibrational nonequilibrium
effects., Since the resultant radiative heat transfer will to a great
extent depend upon the concentrations of N2 and N, these differences
could significantly affect N2 band and N line and continuum radiation,
{These effects will be discussed in the fina)l paper.)> In addition, the
NO, NO+, and e concentrations are significantly different between the
two models., For example, the NO peak mass {franction value is 0.024 for
the CVYDV model and 0.03946 for the vibrational equilibrium case. These
differences may significantly affect contributionse from the NO Eeta and
Gamma radiation bands.



Some preliminary results have also been obtained using a mode!
similar to that proposed by Park <(Ref. 2). In these initial
computations the modifications associated with the nitrogen vibrational
relaxation time and the collisional term in the CVDV vibrational energy
equation have been included. However, the dissecciation reactions are
assumed to be controlled by the translational temperature rather than an
average temperature bacsed upon the cquare rcoot of the product of the
tranclational and nitrogen vibrational temperatures. The latter will be
incorporated into the model and reported on in the {final paper. The
resulting temperature profiles and the nitrogen concentration profiles
are shown on Figures & and 7, again for the streamline which crosses the
shock front at 1.5 cm above the centerline.

Comparison of these results with those shown on Figures 4 and 5
reveals several interesting features. First, as would be expected, the
Park vibrational model results in a slower rate of nitrogen dissociation
and, therefore, increases the <cize of the nonequilibrium zone,
Consequently the tranclational temperature and N2 concentrations are
higher and the N concentrations are lower throughout the region shown
than the corresponding CVDV results. The moest interesting recsult,
however, is the nitrogen vibrational temperature profile. For the Park
like model the peak value of TU(N2) is 13,370 K while for the CVUDV model
it is considerably higher at 20,900 K. Further, the subsequent behavior
of the vibrational temperatures is considerably different. In the CUDV
case, TU(N2) takes on values in the vicinity of 11,000 K; while for the
Park 1liKe model the values are near 8400 K. Since it has been
postulated (Ref. 2 and &) that the electron temperature can be
approximated by the nitrogen vibrational temperature over much of the
flowfield, these differences would lead to significantly different
predictions for the magnitude of the radiative heat transfer.

In addition, it is interesting that the plateau level of the TVU{N2)
on Fig. é is close to the post-normal shock equilibrium value for these
conditions. Detailed calculations of electron tempeature wusually
indicate that the electron temperature initially peaks and then
maintains an essentially constant value ranging from near to fifteen
percent above the ideal equilibrium value. Thus, the TV(N2) values on
Fig. é, while possibly low, may be closer to the actual TE values than
the TU(N2) values shown on Fig. 4. This feature and the development of a
model to take advantage of it are currently being investigated. Table I
below lists some typical values for the CVUDV and Park 1like models.

Preliminary radiative heat transfer resuits have also been
obtained using three different radiation models and the CVDV wvibration
dissociation coupling model. These results have been computed as a
function of body location using the tangent slab approximation, local
species concentrations, and assuming that the electron temperature is
equivalent to the CUDV nitrogen vibrational temperature. This latter
assumption and the fact that the computations did not include any
nonequilibrium correction factors on the source functione or absorption
coefficients probably makes the present results conservative. (Results



with nonequilibrium correction factor approximations will be included in
the final paper.)

In the interecst of brevity in this abetract, preliminary resulte
will only be presented for the body point located % cm above the
tenterline. Table 11 below presente results 4or three different
radiation models by wavelength region, and Figures B8-10 show the
radiative heat trancfer cpectrally. As can be <ceen from the tabular
data, the total predicted values dicagree by only a factor of two, which
ic quite surprising considering the differences in the models and the
fact that none were originally developed for the present low density
regime., In addition, all of the modele predict that most of the
radiative heat transfer originates from the ultra-violet. This trend is
evident in Fiqure 8 {for the non-absorbing radiance model, where most
(93%4) of the energy is in the region above 6 ev.

Figure 9 shows similar resulte for the five step absorbing model,
which would be expected to yield lower total heat transfer due to
absorption effects. Because of the self-zbsorption, very 1little
radiative energy reaches the wall from the vacuum ultra-violet above 11
ev. However, this model predicts a considerable contribution from WV
lines in the 7.88 - 9.355 ev range plus significant amounts from the
visible (1.573-7.88 ev) continuum and IR lines (1.298-1.3573 ev). It
should be noted that this model is based upon nitrogen and does not
include any oxygen or NzZ+(1-) emissions. However, it was for the
visible and IR regions verified against experimental data at similar
temperatures, although higher precsures.

Finally, Figure 10 presents the spectral variation for the eight
step model absorption coefficient step model. (Only seven steps appear
present. However, two steps are for the same region and have been
combined on the pliot and in the tables.) Like the other models, the
majority of the radiative heating originates from the region above 6
ev., but it also predicts more heating from both the ultra-violet and
the visible plus IR regions than the 5 step model. Possibly this
difference is due to the fact that the 8 step model includes
contributions due to oxygen, molecular band csystems, and additional
atomic lines in the %911- 1800 A VW region, (The five step model only
includes VWM lines in the 1300-1570 A region.) In particular, for the
present conditions N2+(1-) may be significant, which would explain the
large contribution in the 8 step model in the 3 - 5 ev region. These
possibilities are under investigation and will be reported in the final
paper.

Again it should be noted that these radiative heating results were
based upon the CVDV results using TE=TVI(N2) and with no nonequilibrium
correction factors applied to the source <functions or absorption
coefficients. For the present highly nonequilibrium conditions, the
latter could reduce the heating by as much as an order of magnitude
{Ref. 3), and thus they will be included in results presented in the
final paper. Also, the choice of electron temperature model will




significantly affect the radiative heating values. Thus, various
models, including the Park like model, will be used to evaluate the
radiative heat transfer and the results will be discussed. Also, the
present results do not include any absorption effecte due to the
precscence of of & "cool® boundary layer on the surface of the vehicle.
However, preliminary results of Ref. 3 indicate that this will only
affect the far VU,

Summary

An axisymmetric nonequilibrium inverse method has been modified
and extended and used to investigate and compare various vibration
dissociation chemistry coupling models and radiative heat transfer
approximations. The similarities, differences, and consquences of using
these models in the AOTV flight regime will be discussed.
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Table 1 -- Comparison of CYDV and Park Like Models

cvDV Park LikKe

X T TUIN2) C(ND T TUIN2) C(ND
1.56 22780 20900 .2911 26840 13370 .1634
2.01 14950 12910 .4145 16940 9279 .5336
2.93 13640 11860 .4759 150506 8628 .6120
3.93 12840 11240 .7136 13780 8515 .4472
5.54 12350 10920 .7369 12900 86430 .7073
10.00 12090 10740 .7492 12310 8749 .734%
Note: X is coordinate parallel to shock. For corresponding flow
location see Fig. 2. Above for streamline XS=1.5 .
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Table Il ~- Radiative Heat Transfer

Model 1 -- Radiance Model -- No self-absorption

Region

02{S5-R)

N2{1+ & 2Z+)

NO {(Beta + Gamma)
NOCir)
N{Free-free)
O{Free-free)
N{Free-bound,2000-5000)
N(S00-2000)
0<2000-5000?
0¢(500-2000)

Total

OR {watts/cq cmd
0.002
0.04S
0.043
G6.,000
0.000
0,000

217.5

4045

169.9

1488

5920

Model 11 - 5 Step Model
Wavelength Region

620 - 1100

1100 - 1300
1300 - 1570
1570 - 7870
7870 - 9557
Total

based on nitrogen
GR{watts/sq cm)
98.2
171.3
3102
240.1
243.9

3894

Model II1 - 8 Step Model
Wavelength Region

400 - 852
g52 - %11
911 - 1020
1020 - 1130
1130 - 1801
1801 - 4000
4000 -

based on air
QR{watts/=sq cm)
48.43

449,3

1553

524.2

2809

1578

937.8

7901

Table III -~ Comparison of Radiative Heating Models Above and Below

Approximately 2000 A

Region Model 1 Model 11 Model 111

{2000 5533 3371.5 5385.93

22000 387.4 484 2515.8
?
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Figure 1 -- Shock Shape and 60° Blunt Cone Shape Generated
by Inverse Code
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Figure 2 -- Typical Stagnation Region Streamlines
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Figure 3(a) Translational, Nitrogen Vibrational, and Electron
Temperature Profiles Along Streamline XS=1.5
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Figure 3(b) -- Translational and Electron Temperature Profiles
Along Streamline XS=1.5 (Vibrational Equilibrium)
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Figure 4 -- Temperature Profiles Along Streamline XS=1.5

(CVDV Vibration Dissociation Coupling Model)
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Figure 5(a) Concentration Profiles Along Streamline XS=1.5
~ (CvDV Vibration Dissociation Coupling Model)
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Figure 5(b) -- Concentration Profiles Along Streamline X5=1.5
(Vibrational Equilibrium Case)
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Figure 7 -- Concentration Profiles Along Streamline XS=1.5
(Park Like Coupling Model
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Figure 8 -~ Spectral Variation of Wall Radiative Heat Transfer at
9 cm Above Centerline (Radiance Non-Absorbing Model)
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Spectral Variation of Wall Radiative Heat Transfer at
9 cm Above Centerline (5 Step Absorption Coefficient Model)
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Figure 10 -- Spectral Variation of Wall Radiative Heat Transfer at
9 cm Above Centerline (8 Step Absorption Coefficient Model)



